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MODELING AND OPTIMIZATION OF 
WASHING MACHINE VIBRATION 
DYNAMICS 
Thomas Nygårds, Viktor Berbyuk and Anders Sahlén 
Abstract   The paper presents a rigid body model of a front loaded washing ma-
chine implemented in MSC.Software/ADAMS. The model has been validated 
against measurement data to such extent that the model could be used as an effi-
cient virtual instrumentation and graphical system design platform for evaluation 
of existing and developing suspension concepts of washing machines. A new test 
rig for experimental study of force-frequency-displacement characteristics of 
dampers together with measurements performed on a friction damper is presented. 
Estimation of the parameters of a damper model based in the Bouc-Wen hysteresis 
is performed using optimization routines. A simulation and optimization environ-
ment with the dynamic washing machine model in ADAMS and MATLAB opti-
mization toolbox has been developed for use in a computer cluster. The developed 
virtual instrumentation and graphical design tool has been used for engineering 
analysis and optimization of a new 3-strut based suspension concept for washing 
machines. The analysis of the obtained results has shown the engineering feasibili-
ty of the 3-strut based suspension and the solution of the optimal placement of the 
third strut which minimized the transmitted forces during spinning process was 
found.  
1 Introduction 
A washing machine is a product common to almost every one in the developed 
world. Since the beginning of automation of the washing process the dominating 
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method of washing has been to let the clothes tumble around in a cylinder. At first 
the washing machines only did washing, but later the machines also began to be 
used to dry the load by spinning. Spinning or high speed rotation of the drum 
gives rise to vibrations, so the suspension system became increasingly important.  
Although the method of washing is still the same, i.e. clothes move in a rotating 
cylinder, two major drum-mounting concepts exist on the market: vertical and ho-
rizontal orientation of the axis of rotation. The vertically oriented drum concept 
implies that the load is put into the machine from the top; hence a machine using 
this concept is given the name top loading washing machine. The second concept, 
i.e. horizontally mounted drum, does not itself imply the point of loading; howev-
er front loading is most common.  
There is a drive within the industry towards production adaptability and cost 
reduction. Many manufacturers have gone from the traditional metal tub concept 
to tubs of polymeric material. Among the cost benefit the production method of 
tubs in such material gives better possibility for the selection of suspension mount-
ing positions and orientations. This paper gives some insight to how the existing 
suspension concept can be changed slightly to take a step towards a new suspen-
sion system concept for washing machines. 
Washing machines have been modeled before, for example in [1] where the 
dynamics of a portable washing machine was described by the Newton-Euler equ-
ations in order to deal with sliding and floor friction problems during the spinning 
cycle, and in [2] where a model of a washing machine was used to study the sus-
pension system dynamics.  The Newton-Euler equations describing the dynamics 
of a specific full size washing machine were derived by the authors from Chal-
mers, and were presented in [3]. The ADAMS model of washing machine dynam-
ics, which was previously published in [3,4], has been further developed and vali-
dated with experimental data. In present paper the developed model is used both 
for modeling of vibration dynamics and for optimization of the suspension system 
of a horizontal mounted drum in a washing machine. 
2 ADAMS model of dynamics of front loading washing machine 
A front loaded washing machine of the most common type has the drum only sus-
pended by bearings in the rear. The design implies the use a sturdy rear gable to 
support the high torques and bearing forces which arise during spinning. The no-
wadays less costly way of accomplishing is to use much material in the back ga-
ble. To align the drum horizontally cast iron or high density concrete is added as 
counterweight on the front. The side effect of the addition of these extra masses is 
of course the lower vibration as the suspended weight increases.  
Different outer tub suspension concepts exist on the market but the dominating 
is top suspended machines where the tub “hangs” in springs.  Dampers are nor-
mally mounted at the bottom of the tub. The concept under the study in this paper 
is used by fewer manufacturers and has one key difference to the majority of other 
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machines. The concept is based on that the tub stands on struts mounted between 
the bottom of the tub and the bottom plate. Another difference from other ma-
chines is that no bellow exists as the load lid is attached to the tub and thus moves 
during spinning. This makes it possible to use a normal rubber seal instead of the 
bellow. For the modeler this makes the life easier as a nonlinear part disappears.  
In production machines, using the above described concept, the struts are four 
to the number (see fig. 1). In this paper the possibility removing one of these struts 
is investigated (see fig 2). Designing a suspension system with only three suspen-
sion points gives a statically determined system. This will facilitate measurement 
of displacement for use in for example load estimation. In the three strut model the 
sole strut has been placed on the left side. This sole strut is referred to as left cen-
ter strut (LC strut). 
 
Fig. 1 The four-strut concept Fig. 2 The three-strut concept 
Each strut consists of a friction damper with incorporated spring with attached 
rubber bushings on each end to provide the stabilizing torque to the tub. The fric-
tion damper is a relatively cheap type of damper with a sponge element soaked in 
oil sliding on the inside of the cylinder.  A simple Coulomb-friction-based model 
of the damper was suggested earlier in [4]. Models of this type are common but in 
the case [4] it did not describe the frequency and amplitude dependent behavior to 
satisfying extent. To make the damper component model behave better over the 
whole washing machine operating range another model is used. The current pro-
posed model is a friction model based on the Bouc-Wen hysteresis model [5] in 
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where k is the spring constant, x0-x the deflection from the unidirectional spring’s 
unloaded length x0, cd is the viscous damper constant,α is the coefficient of the 
evolutionary variable z. The parameters A,γ , β   and n determine the properties of 
Bouc-Wen hysteresis are explained in more detail for example in [6]. The other 
suspension parameters like stiffness and damping coefficients of upper and lower 
rubber bushings have been described earlier in [4]. 
The twelve degree of freedom dynamic model of the washing machine is built 
in MSC. Software/ADAMS taking into account CAD drawings giving accurate 
Strut with incorporated spring 
Machine foot 
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mass and geometry data for the simulations. Production and research drawings 
were made available by ASKO Cylinda AB. As many of the model’s components 
are linear, standard components in ADAMS can be used to describe their dynam-
ics. For example linear springs are used for main suspension springs and bushings, 
for machine feet, etc. The rubber bushings at the ends of the struts are imple-
mented using a Gforce component to describe the torques. The nonlinear damper 
model differential equation is implemented together with a Sforce component. A 
complex rotational speed input can be described with the akispline function (Aki-
ma-spline) to make it C1 continuous meanwhile having low overshoots and oscil-
lations. This procedure has shown improving the calculation stability and speed to 
some extent. Simpler rotational speed schemes like ramps are set as input to the 
pulley directly. 
Parameters which have been made easy to set are: imbalance, position in y-
direction of the left side strut, and all the component model parameters.  The mod-
el input parameters are provided by a file which is loaded into the program at start 
of simulation. The file contains a total of approx 80 parameters controlling, for 
example: stiffness and damping parameters for all struts individually, load, simu-
lation time, damper model and more.  In the case of the optimization it is this file 
which carries the parameters uses as input for a function evaluation. 
The calculation time - simulation time ratio of the model is about 25 on a com-
puter with a Pentium 4 3.4GHz CPU. This means that the simulation of a spinning 
process with duration 60 seconds takes about 25 minutes of calculation time. 
3 Experimental setup and measurements  
At the department of Applied Mechanics at Chalmers a whole machine test rig for 
washing machines has been developed. This was described in detail in [4]. A few 
additions to this rig have been made since then. On the control side a program has 
been developed for control of the motor according to any specified angular speed 
relation that the motor can handle. The motor electronics is now also used as an 
additional source for rotational speed of the drum via its built-in tachometer. 
A rig made for classification of damper properties has been developed in coop-
eration between ASKO Cylinda AB and Chalmers University of Technology (see 
fig 3 and 4). It is based on a standard test rig used for classification of production 
dampers, but made a bit more rigid and adapted with a frequency converter to 
cover a frequency range of 0-30 Hz. The possible stroke setting is 0 to 50mm.  
Force and displacement are measured with a load cell and a LVDT, respectively. 
Data acquisition is made with a PC equipped with a NI PCI-MIO-16E-4 card 
which is running LabVIEW 8.5. 
In total 144 experiments using 4 different dampers have been conducted. Some 
of the data which was collected is presented in figure 5. Here the dependency of 
the friction damper force on frequency and amplitude can be observed. The 
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somewhat extra dynamics of the curve for 15Hz, 4.6 mm which can be seen in the 
right plot comes from the test rig itself.   
 
 
Fig. 3 Functional sketch of damper rig.   Fig. 4 The developed test rig 
This oscillation was one of the reasons for an update of the force sensing me-
chanism which has been performed afterwards. The data used in this paper was 
however deemed reliable. 
 
Fig. 5 Force-amplitude and frequency dependencies for one of the friction dampers 
Using the obtained experimental data the parameters of the damper model were 
determined by the optimization toolbox in MATLAB. Two different dampers with 
different amount of damping were tested in the rig. The datasets for each damper 
were passed though the optimization algorithm separately but still the hysteresis 
parameters became relatively similar, (A=3, γ =9.9, β =-2,  n=1). These hysteresis 
parameters generated a relatively high value of parameterα ≈100 and a low value 
of cd ≈0.01 making the washing machine system dynamics unstable at low veloci-
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ties. To treat this the internal hysteresis parameters were set fixed (A=30, 
γ =3, β = -2,  n=1) and the optimization was run again. Now only the viscosity 
coefficient, and the coefficient of the evolutionary variable cd and α  were varied. 
To reduce the complexity of the future strut optimization problem a polynomial 
relation was constructed between the optimization result for the parameters cd 
andα . The relation was determined with the curve fitting toolbox in MATLAB to 
equation (2), which together with equation (1) described 3 of the tested dampers  
well.  
 39.08 2.955dcα = −  (2) 
Now, as only one parameter determines the damper model, not only the optimiza-
tion problem will become easier, but also the physical realization of a found dam-
per parameter. 
4 Simulation and validation of model 
The real spinning cycle contains various direction changes and flat parts, i.e. con-
stant speeds. But to make the simulation output as little complex as possible a 
simple low gradient ramp was used as input for simulation and as input to the mo-
tor during measurement. As excitation a 0.3 kg steel bar was mounted to the inside 
of the drum simulating a fixed load evenly distributed over the depth of the drum. 
Figure 6 shows measured forces amplitude over time as a green contour togeth-
er with time history of simulated forces in blue. The black line shows the rotation-
al speed of the drum. The notation LB stands for left back, RF for right front etc. 
 
 
Fig. 6 Measurement data together with simulation data. 
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It can be seen from the comparison that the resonant behavior between 16s and 
19s (600-900 rpm) is captured by the model. During simulations this resonance 
has been showing high sensitivity to the stiffness of the machine feet. The reson-
ance position in frequency was most sensitive to the stiffness in vertical direction. 
The shape of the resonance was most sensitive to the relation of the vertical-lateral 
stiffness. The machine feet damping parameter was the single most important pa-
rameter for determination of transmitted forces. A small error in weight distribu-
tion of the machine is also present due to lack of modeling of small components 
inside, e.g. electronics. After 1000 rpm the modeled forces differ from the meas-
ured more than acceptable and are therefore a subject for further research.  
5 Optimization 
One of the intentions of the optimization work of this paper is to show the possi-
bility of reducing the number of struts while keeping the same or less vibration 
output. To use a methodology of consequent step-by-step optimization to speed up 
the finding of a solution can be advantageous if the problem is large and complex. 
This methodology is used to find improvement possibilities for the washing ma-
chine suspension system. The structural parameters are put into different groups 
(see table 1), meaning that during the optimization only the parameters of the par-
ticular group will be varied meanwhile the parameters not belonging to the group 
remain constant. 
Table 1 Example of grouping of parameters 
 Group 1 Group 2 Group 3 … Group N 
Parameters of 
third strut to op-
timize 
LC strut y-position Strut damping Lower bushing stiffness LC strut y-position 
 Strut stiffness Lower bushing damping  Strut damping 
    Strut stiffness 
    … 
5.1 Statement of optimization problem 
To prevent the tub and on-mounted components from hitting the housing the dis-
placement of the tub must at no instance of time exceed given constraints on 
movement. The constraints imposed are defined at 9 points on the tub which 
ASKO Cylinda AB has determined to be critical in terms of collision risk during 
spinning or washing. The input rotational speed during the optimization was ramp 
climbing from 0 to 1200 rpm in 23 seconds, rotating clockwise. Two different 
load cases were also desired to be evaluated: one case with 0.5kg imbalance in the 
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front end at the periphery of the drum and one case with additional 0.5kg imbal-
ance at the back end at the opposing periphery. 
The general optimization problem for the three strut washing machine model 
can be stated with equation (3) subject to the dynamics of the ADAMS model un-
der the kinematics constraints of equation (4), with the restrictions imposed on the 
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where Γ is the desired function to be minimized under time t ranging from 0 to T 
for nC load cases, Fzi is the vertical reaction force at foot i, ΔX the displacement at 
point p on the tub, Klx,Kly, the lower bushing stiffness, Clx,Cly, the lower bushing 
damping, k the main spring stiffness, cd the damping parameter of the damper 
model, and y*LC the relative position of the left side centre strut. The parameters 
which were not desired to be optimized in accordance with the described metho-
dology were considered given and set fixed together with the rest of the structural 
parameters according to equation (6). 
 { }, , , , , ,...g L F L B RF RB dL F dL Bk k k k c cξ ξ= =  (6) 
5.2 Optimization algorithm and results 
To solve the optimization problem for the washing machine the algorithm has 
been developed and implemented in MATLAB with the function “fmincon” as op-
timization solver.  As the calculation of force output and movement of the tub is 
done in the ADAMS model a communication interface was developed. The com-
munication interface made possible to use an arbitrary number of computers in a 
cluster for solving parallel function evaluations, for example different load cases 
or ramps with the same suspension setting. All data from individual simulations 
are saved on a hard drive for later inspection. Viewing the progress of the optimi-
zation as well pausing or stopping the algorithm can be done remotely from an ex-
ternal computer. 
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The figure 7 shows the cost function (3) as a function of the LC strut position 
in y-direction.  From the figure it can be seen that a minima for the vibration out-
put according to (3) can be found for a y-position, meanwhile keeping the drum 
movement within desired limits. Figure 8 describes the negative margin of the 




Fig. 7 Result of the optimization 
 
Fig. 8 Constraints values/negative movement margin as function of y-position 
The result showed sensitivity to the load cases but for the majority of the load 
case combinations tested the most critical constraint was number 9 which is a 
point on the front of the tub. It can therefore be concluded that much effort must 
be put on finding worst-case representative load cases for simulation input to max-
imize the use of the optimization result. 
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6 Conclusions 
In this paper the developed ADAMS model of washing machine and ADAMS-
Matlab interface for clustered simulation and optimization have been described 
together with experimental setup proving agreement to a satisfying extent.  
The frequency and amplitude dependency of the friction damper has been mod-
eled with help of the Bouc-Wen hysteresis model. The parameters of the Bouc-
Wen hysteresis part of the damper model were experienced to have big influence 
on the stability of the whole system. At low piston velocity the stability is a prob-
lem and will be a topic for further investigation.  
It has been shown that the three strut concept of suspension fulfills the con-
straints which are imposed on the kinematics of the tub. The optimal placement in 
y direction of the single strut of the suspension has been found and presented. 
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